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Abstract

The influence of air pollutants on ecosystems in Europe has been studied for over two decades in the Western and Nordic
countries and in the Alps. The impacts of air pollutants on Mediterranean forest ecosystems (evergreen sclerophyllous
forests and maquis) are poorly understood. The Mediterranean climate encourages the generation of high concentrations
of ozone — now recognised to be the most prevalent and damaging air pollutant to which vegetation is exposed in many
regions. In this paper, we examine the way in which many of the typical morphological and ecophysiological features of
Mediterranean vegetation influence ozone impacts, plus the way in which the combination of environmental stresses to
which Mediterranean vegetation is exposed in the field affect responses to ozone. Sclerophyllous Mediterranean species
(typified by leaves with dense mesophyll, little intercellular air space and containing an abundance of primary, e.g.
ascorbate, and secondary metabolites, e.g. tannins and phenylpropanoids, that are capable of protecting key biomolecu-
les from oxidative stress) might be expected to be hardier than their counterparts more typical of the relatively mesic
environments of Northern and Continental Europe. Moreover, soil water shortage during the height of summer causes
partial stomatal closure for lengthy periods each day. As a result, vegetation may avoid taking-up the ozone when con-
centrations are at their highest. There are several confirmed reports of visible symptoms of ozone damage (chlorotic
mottle, necrosis, reddening etc.) on important crops and forest trees. The significance of these observations is discussed,
along with the way in which ongoing changes in the Mediterranean environment may affect the future impacts of rising
ozone concentrations on vegetation.

Introduction tion — the photochemical generation of oxidants (and
in particular, ozone) - finds the most favourable en-

Mediterranean ecosystems are considered intrin-vironment for its development and its diffusion in
sically fragile (Naveh, 1995) because of the climate Mediterranean climates (Butkowvét al., 1990). The
(discontinuous rain, with prolonged periods of soil detrimental effects of this type of air pollution on
and atmospheric drought in summer; high summernatural and managed ecosystems are well documen-
temperatures; intense solar radiation) and edaphicted in Europe (Skarkat al, 1998) and North Ameri-
conditions (often thin soils of poor nutritional qua- ca (Chappelka & Samuelson, 1998). In the Mediter-
lity — particularly scarce in nitrogen and phospho- ranean basin there have been several studies which
rus) to which they are exposed in their natural envi- sought to quantify effects on the yield of agricultu-
ronment. In addition, they have been subjected toral crops (Bentoret al, 2000), but the impacts of
such extensive anthropogenic pressures that theiphotochemical oxidant pollution on forests and other
original features are often scarcely recognizable. Asnatural or semi-natural ecosystems in the Mediter-
far as the impact of gaseous pollutants are concerfanean remain largely unresearched (Bussotti & Fer-
ned, one particularly damaging form of air pollu- retti, 1998).
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In this context, we review herein what is known circulation (Fortezzat al., 1993; Alper-Simaret
about the impacts of ozone on Mediterranean plantsal., 1997). A similar mechanism occurs where oro-
and ecosystems and assess the potential risks posegraphic barriers are present and during the day, the
by photochemical oxidants as well as the way in ozone plume is pushed upwards by ascending bre-
which specific features of Mediterranean plants, andezes. The formation of nocturnal inversion layers
the environment to which they have adapted, might hinders its deposition and this gives rise to accu-
be expected to influence the impacts of ozone. mulated masses of ozone-rich air at altitudes ran-
ging from 500 m to 2000 m above ground (Schla-
geret al., 1992). When phenomena of subsidence
Ozone climatology in the Mediterranean region occur or when catabatic, or descending, currents
drag these masses vertically downwards, they may
In the Mediterranean basin, the persistence du-actually contact the ground and give rise to peak
ring summer months of the Azores anti-cyclone ozone exposures, usually in the evening. Multiple
over Europe, and the resulting atmospheric stabili- layers of ozone accumulation have also been ob-
ty, with high temperatures, low relative humidity served above the inland in coastal areas (Georgia-
and high levels of solar irradiation, favour a mas- diaset al., 1994; Millanet al., 1996; Sanz & Mil-
sive photochemical production of ozone in the lan, 1998). Ozone concentration is highest in spring
lower troposphere, with hourly concentration pe- and summer, and lowest in winter. Sudden increa-
aks that frequently reach 150-220 ppb or more ses of ozone concentration, however, can be obser-
(Chaloulakouet al., 1999). ved in winter as well, when phenomena causing a
In rural and suburban areas located downwind vertical mixing of the atmosphere occur, due to
from precursor emission sources, ozone reaches histrong descending winds (such as fohn/stau in
gher concentrations than those recorded in urbanmountain areas) or to intrusions of air from the
areas. In urban zones the presence of considerabléwer stratosphere / free troposphere, which are not
NO emissions favours a titration reaction, reducing infrequent in spring (Davies & Schuepbach, 1994).
concentration of Qproduced. In rural areas, whe- Mediterranean vegetation is a strong emission
re there are no significant pollutant sources, NO source of isoprenoid compounds (monoterpenes and
emissions occur far less frequently and the advec-isoprene) released into the atmosphere (Stetet
tion of NO, from the emission areas feeds the pho- al., 1997; Pefiuelas & Lusia, 1999). These com-
tolysis cycle and ozone production increases as apounds play an important role in the plants’ defen-
consequence. Breezes activated by the sea-coast e mechanisms against heat stress (Loe¢tal.,
mountain-valley thermobaric differences contribute 1998). Yet, these natural emissions are a conside-
then to a redistribution of ozone throughout the rable source of active carbon and can therefore play
region, affecting even remote areas such as coastah crucial role in the formation and persistence of
and mountain rural zones. The transport of ozoneatmospheric pollutants and greenhouse gases such
and its precursors from the highly anthropized zo- as carbon monoxide and the same ozone (Fehsen-
nes to remote forest sites by summer breezes haseld et al, 1992). The interaction of ozone with the
been highlighted by several different studies car- crowns’ emissions gives rise to other potentially
ried out in mountain areas south of the Alps and in toxic compounds such as carbonyl compounds and
the Italian plains along the Po river (Baatial., radicals (Fruekildest al., 1998).
1990; Geroseet al, 1999), in the Mediterranean Critical load for forests, AOT40 of 10,000 ppb.h
coastland and inland regions of Spain (Marin  (accumulated hourly exposures of Qver a thre-
al., 1991), Italy (Lorenziniet al., 1995), Greece shold of 40 ppb in daylight hours from April to Sep-
(Gusteret al.,, 1988), and in the South-Eastern Me- tember; Karenlampi & Skarby, 1996) is vastly exce-
diterranean (Alper-Simaat al., 1997). eded during the growing season in the Mediterra-
During the day, sea breezes can transport inlandnean and sub-alpine region, as is shown in the si-
ozone formed in the urban and industrial coastal mulated experiments done using the EMEP model
areas for up to 100 km and further (Mill&n al., (Hjellbrekke, 2000) and by regional estimates pre-
1991, 1996; Lala®t al, 1983). The evening sea pared in individual countries (Poseh al., 1998).
breezes push the masses of air offshore where thé-urthermore, in many sites across southern Europe
deposition rate is so slow that ozone accumulatesthe hourly concentration of On summer never
and is transported back to the coast the following drops below the threshold of 40 ppb (Velissariou
day, when the daytime sea breezes resume, thug Skretis, 1999). Table 1 shows some relevant data
setting in motion mechanisms of photo-oxidant re- in Mediterranean sites.
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Ecological behaviour of Mediterranean woody  during the height of summer. The highest levels of
plants in relation to ozone ozone experienced in the field usually coincide with
the time that non-managed plants in the Mediterra-
The phytotoxic action of ozone depends on the nean suffer the greatest degree of water deficit, and
way it is absorbed by the leaves and, therefore, howtheir stomata are close. However, the behaviour of
it spreads in the mesophyll. Mediterranean vegeta-individual species varies considerably (Rhizopoulou
tion consists to a large extent of coriaceous leaf plan-& Mitrakos, 1990; Tretiach, 1993; Guastial,, 1999)
ts (evergreen sclerophyllous vegetation). The foliar in their capacity to tolerate drought before resorting
structure of Mediterranean evergreens is usually cha-to stomatal closure. As a consequence, those species
racterized by the presence of 2-3 layers of palisadethat exhibit the greatest ability to maintain, or reacti-
mesophyll and a thinner layer of spongy tissue (seevate, gas exchange under conditions of water stress,
De Lillis, 1991). This is a strategy which limits the might be expected to be the most affected by ozone.
transpiration, but in doing so it also limits the absorp- Generally speaking, the deciduous trees narrow their
tion of CQ and, therefore, of atmospheric pollutants. stomata to higher water potential than the evergreen
The typical Mediterranean conditions enhance theones. For example, iQuercus ilexleaves stomata
sclerophylly. In fact, plants growing in dry, sterile remain open much longer than in deciduous oaks (Sal-
environments, and/or subjected to high radiation in- leo & Lo Gullo, 1990; Acheraet al., 1991). Between
tensity usually have greater foliar thickness and den-the evergreen shrubBhillyrea latifolia L. shows the
sity (Gutschick, 1999), thus suggesting an infra-spe-highest tolerance to water stress.
cific sensitivity: ozone exerts a lesser impact ontrees  The way in which the combination of ozone and
growing under conditions of stress (see also Davisonsoil water deficit affect stomatal conductance are,
& Barnes, 1998). In addition, at their southernmost however, much more complex than might first be
distribution area, several species largely distributed perceived since recent evidence suggests that expo-
in Europe (European beech: Baeenl, 1997; silver  sure to the pollutant can impair stomatal performance
fir: Rinallo & Gellini, 1989) differ from the central under conditions of soil water deficit (Maier-Maer-
European provenances in that their leaves are moreker, 1998) and the outcomes in terms of cost/bene-
sclerophyllous. In the case of silver fir (Larsen, 1990) fit analysis probably depend, at least to some ex-
and European beech (Paludan-Muberal, 1999) a  tent, on the timing of the stress to which the plant is
reduced sensitivity to ozone and other air pollutants exposed, genotype and the intensity of the stress to
has also been observed in the southern provenanceswhich the plant is exposed (Maier-Maerker, 1998).
Stomatal activity is considered the key element  Biochemical processes leading to compensation
determining the sensitivity of a particular species to (for the damaged tissues) and to protection (by me-
ozone (Embersomt al, 2000). Usually the prevai- ans of the production of anti-oxidant substances) pre-
ling weather conditions induce a marked reduction in suppose considerable metabolic costs (Heath, 1999),
stomatal conductance in Mediterranean vegetationwhich therefore lead to an increase in carbohydrate

Table 1 Number of hours and days exceeding 2@0m3, maximum concentrations and AOT40 (April-September, daylight) in 1998 at
selected EMEP monitoring sites (from Hjelbrekke, 2000 modified)

Site Country Latitude Longitude  Elevation >200 pg m?3 Conc. max AOT40

m asl hours days Mg m®  Month ppb.h
San Pablo Spain 393255N 042107 W 917 0 0 151 August 21469
Tortosa Spain 4049 14N 002929 E 50 0 0 137 May 7968
Logrofio Spain 4227 28 N 023011 W 445 0 0 176 June 20694
Viznar Spain 3714 17N 033200W 1265 0 0 189 July 39934
Montelibretti  Italy 42 06 00 N 123800 E 48 25 21 291 May 24945
Ispra Italy 4548 00N 083800E 209 33 12 309 July 24630
Iskrba Slovenia 453400 N 145200 E 520 0 0 183 August 21342
Zavodnje Slovenia 46 2543 N 150012 E 770 0 0 164 May 17427
Kovk Slovenia 46 07 43N 1506 50 E 600 0 0 168 July 6805
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consumption, with carbohydrates being used for pur- by means of open top chamber experiments (Vande-
poses other than plant growth. From this point of view, rHeydenet al, 2001). In the Mediterranean region
primary (ascorbate) and secondary metabolites (in-the majority of available reports come from Spain
cluding tannins and other phenolic substances) play(Skelly et al, 1999; Sanz & Millan, 2000) where se-
an important role (Polle & Rennenberg, 1992). Se- veral evergreen shrubs were found to be sensitive. Ta-
condary metabolites are normally present in many ble 2 gives an overall picture of the woody species in
plants growing in a Mediterranean climate (Karabour- which symptoms were observed and the countries
niotiset al, 1993), and their concentrations increase where the observations took place.
under environmental stress (Gravastoal,, 2000b; The sensitivity to ozone of Mediterranean species
Tattini et al, 2000). Since the same substances arehas also been investigated, by means of tests perfor-
involved in detoxification from ozone stress proces- med in controlled and/or semi-controlled environmen-
ses (Kangasjanat al, 1994), plants already endowed ts, in terms of physiology and/or ultrastructure (Table
with these substances would appear to have a greate3). One can observe that the most widely studied spe-
protection against this pollutant. cies isPinus halepensjsut it is difficult to extrapola-

te these findings to the field because almost all experi-

ments were conducted with seedlings, whose response
Sensitivity and visible symptoms to ozone differs from that of adult trees (Kabal,

1998). In some cases, researchers have even used see-

In forest tree leaves visible symptoms attributa- dlings less than a year old, so that their foliar morpho-
ble to chronic exposure to ozone were described forlogy is different from older trees. Further, the concen-
the first time in the mountain pines of a Mediterra- trations and exposure periods applied in these experi-
nean-type climate region, the Southwest of the Uni- ments are often highly unrealistic (concentrations gre-
ted States (Milleret al., 1963, Miller & McBride, ater than 100 ppb, although not rare, are normally only
1999). These symptoms consisted in localized yel-observed as hourly peak rates). Lastly, these experi-
lowing (chlorotic mottles) which degenerated into ments are performed in optimal soil moisture condi-
necrotic patches, and only in the most severe casesions, whereas Mediterranean species in summer are
did needle tip necrosis ensue. These yellowings werenormally subjected to drought. Experiments only re-
usually associated with a degeneration of the me-cently have been performed on typical evergreen broa-
sophyll (Evans & Miller, 1972). Among the woody dleaved trees (Table 3). Among theAeyutus unedo
species of Southern European flora and the Mediter-L. is potentially the most sensitive species.
ranean basin, basal plane pines are the most sensitive The results of the investigations listed in Table 3
to the action of photo-oxidants. Already in the early are largely specie-specific and are influenced by the
1980s Navelet al (1980) described symptoms in experimental conditions. The most common results
Pinus pineal. andPinus halepensiill. in Israel. are the reduction of stomatal conductance and pho-
The most evident and widespread symptoms were latosynthesis, as well as the content in chlorophyll.
ter described iPinus halepensié Spain (Gimeno  Detoxifying compounds (peroxidase, ascorbate) in-
et al, 1992; Barnest al., 1999), in Greece (Velissa- crease. The ozone effects in combination with water
riou et al, 1992; Gimencet al, 1992) and in Italy  stress are controversial in experimental conditions.
(Sodeet al,, 2000).Pinus halepensiseedles develop
a very typical symptomatology (chlorotic mottles),
similar to that described by the above-mentioned Discussion and Conclusions
American researchers. Saatzal (2000) found that
the distribution pattern of ozone visual injuries (chlo- At first glance it would appear that Mediterranean
rotic mottle) inPinus halepensisorrelated with the  forests are well endowed with a good resilience to 0zo-
penetration of the pollutant transported by the sea-ne. The ecophysiological behaviour of trees and their
breeze into coastal valleys in Eastern Spain. foliar structure (well-balanced with the climatic and
Broadleaved trees develop a varied symptomato-edaphic conditions of the environment), as well as the

logy which has been described in several pictorial abundance of detoxifying metabolites in many species,
atlases and handbooks (see Skelial, 1987; Fla- allows them to limit the stomatal absorption of ozone
gler, 1998; Innet al, 2001). In Europe the most and to repair any injury to their leaves very quickly.
widespread and evident symptoms were reported inEvergreen Mediterranean plants are able to maintain a
Southern Switzerland (Skelgt al, 1998) and in adja-  stomatal activity under moderate water stress, but di-
cent areas in Northern Italy (Coztial, 2000; Gra-  splay their strongest photosynthetic activity during the
vanoet al, 2000a). These symptoms were validated equinoctial seasons (Tretiach, 1993), particularly when
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Table 2.Some of the most important native (or naturalized) tree and shrub species that showed ozone-like symptoms in Mediterranean
countries.

Species Spain Italy Greece Ticino Israel
ref ref ref ref ref

Abies cephalonica 7; 11
Acer platanoides 9
Acer pseudoplatanus 1
Ailanthus altissima 9 5.2
Arbutus unedo 9

Alnus incana

Betula pendula

Carpinus betulus 1
Cornus spp. 9 1
Corylus avellana 9 1
Crataegus spp.

Fagus sylvatica 2
Frangula alnus

Fraxinus excelsior 6; 2
Fraxinus ornus 9 1
Juglans regia

Morus spp. 9
Myrtus communis 9

Pinus halepensis
Pinus pinea
Pistacia lentiscus
Pistacia terebintus
Populus spp.
Prunus amygdalus
Prunus avium 6; 2

Prunus serotina 9
Prunus spinosa 9 1
Robinia pseudoacacia 2
Rhamnus spp.

Rosa spp. 9 1
Salix spp. 1
Sambucus spp. 9

Tilia spp. 1
Ulmus glabra 2
Viburnum spp. 9 1
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© © © © © © © © ©
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Reference 7. Heliotis et al., 1988

Bussotti (pers.comm.) 8. Naveh et al., 1980

Cozzi et al., 2000 9. Skelly et al., 1999

Fumagalli et al., 1989 10.  Soda et al., 2000

Gimeno et al., 1992 11, Velissariou and Skretis, 1999
Gravano et al., 1999; 12. Velissariou et al., 1992
Gravano et al., 2000a
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the new leaves sprout. So, high spring ozone levelscooperation with sectors involved in land conserva-
may be more dangerous than the summer ones. Furtion and tourism. For example, an important aspect
thermore, because of the emission of isoprene and moef the photochemical smog-induced damage is the
noterpenes, background summer levels of ozone arair’s loss of transparency (Copeland, 1999), which
naturally higher in Mediterranean ecosystems than inclearly jeopardizes enjoyment of the landscape. Fur-
other environments, so that plants are perhaps normalthermore, one should not neglect the impact of ozone
ly adapted to moderate levels of this pollutant. Yet, on human health. One should make it clearer that pro-
ozone-induced symptoms have been observed, althoutecting the health of ecosystems and protecting the
gh sporadically, in various Mediterranean forest spe-health of mankind are two aspects of the same pro-
cies, suggesting that the influence of certain environ-blem, and can be addressed by the same policies.
mental factors can modify the situation and increase  To conclude, we feel that it would be useful to
the plants’ sensitivity to this pollutant. Visible symp- list briefly the gaps in our current scientific knowle-
toms and physiological disorders have been reprodu-dge, which make difficult the establishment of a se-
ced in Mediterranean species in experimental exposu+ious environmental protection policy against 0zo-

re conducted in controlled and semi-controlled envi- ne in Mediterranean ecosystems:

ronments. Worthy of note are the Mediterranean-moun--
tain populations, that is the southern provenances of
forest species very common throughout Europe. The
behaviour towards ozone of some of these species (e.g.
beech and silver fir) has been investigated on a Euro-
pean scale, however the findings of these studies can-
not be extrapolated to southern populations because of
the genetic, morphological and ecological differences.
The data available appear to suggest that these prove-
nances have a greater resistance to ozone. -

The sensitivity of Mediterranean plant species to
ozone varies considerably and is dependent on in-
tra- and infra-specific differences as well as on on-
togenetic factors, on the local availability of water -
and other factors such as soil fertility. The combina-
tion of these factors can modify plants’ biological
response. For example, in natural conditions of wa- -
ter shortage, even sensitive species sucRiass
halepensiglo not appear to be particularly threate-
ned (Barnet al., 1999).

In order to ensure the practical applicability of
environmental protection policies, it is extremely

in the Mediterranean region, ozone climatology
is still to a large extent unknown; equally, little
is known of ozone exposure except in summer,
or of the role of biogenic emissions in determi-
ning the background levels of this pollutant;
direct effects of ozone on Mediterranean plant
species are still to a large extent unknown, since
there is a lack of specific and realistic cause-ef-
fect experiments;

the sensitivity of southern provenances (Medi-
terranean-montane) of species common throu-
ghout Europe (e.g. beech, silver fir) still needs
to be investigated;

the impact of ozone on typically Mediterranean
plant communities, such as coppices, is totally
unknown;

it is necessary to identify the most sensitive
sectors within each ecosystem (tree renewal,
meadows, herbaceous species etc.), i.e. those that
can be used as “response indicators”.

important to establish communication networks Acknowledgements

between environmental protection and economic in-
terest protection sectors (Innes and Price, 1999; Win-
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